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SUM4AEY 

As part of an Investigation of the application of nuclear 
energy to aircraft, calculatlonn have been made to determine the 
effect of several operating conditions on the peifonnance of 
condensers for steam-turbine power plants. The analysis covered 
a range of turbine-inlet pressures from 1000 to 1800 pounds per 
sq^uare inch absolute and turbine-outlet pressures from 10 to 
200 pounds per square inch absolute for various condenser cooling- 
air pressure drops, fli^t speeds, and altitudes. Seme calcula- 
tions were made to determine the advisability of using a cooling 
fan in conjunction with the steam condenser. 

A rough estimate of the total power-plant weight including 
propeller but eroluding reactor is Included along with values of 
the ratio of disposable loeid (load- carrying capacity) to airplane 
gross weight for a steam-turbine-powered aircraft at one set of 
turbine operating bohdltlons euid two fll^t conditions. 

At a turbine-inlet pressure of 1400 pounds per square inch 
absolute and a turbine-inlet tamperat\jre of 866° F, the minimum 
specific condenser weight was 257 pounds per 1000 net thrust 
horsepower and the minimum specific condenser frontal area was 
16,7 square feet per 1000 net thrust horsepower. These values 
occurred at a turbine- out let pressure of 100 pounds per square 
inch absolute, a fll^t speed of 500 miles per hour, and an 
altitude of about 15,000 feet. 


IHTEODUCTION 

One possible method of application of nuclear energy to aircraft 
propulsion is the use of a nuclear reactor as the heat source in a 
steam-turbine power plant. Aside frean reactor considerations, the 
condenser, due to its excessive size and internal drag power, presents 
an ln^ortant problem in the use of such a system. 
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Til© results of an analysis to determine the effect of steam-cycle 
operating conditions, cooling-air pressure drop, altitude, and flight 
speed on the frontal area, -weight, end Internal drag of the condenser 
are reported. The analysis coTere a rang© of turbine- Inlet presexures, 
turbine-outlet pressures, cooling-air pressure drops, altitudes, and 
flight speeds. 

An ©stlma-fc© of -the total power-plant wei^t, ©xclxadlng the 
weight of the nuclear reactor, wan made for on© set of turbine 
operating conditions and two flight conditions and was used to cal- 
culate the percentage of the gross weight of -bhe airplane that would 
be available for carrying the teactor and cargo. 

Condenser compu-tatlons were based on an aluminum heat ©icheuiger 
of -bhe aircraft fln-and-tube type, Eeat-dlssipatlon rates and some 
cooling-air pressure-drop data wore obtained frcaa charts supplied 
by the heat-exohanger manuf act-yirer . 


METHODS OF ANALYSIS 

The power plant was considered to consist of a nuclear-reactor 
boiler, a steam turbine, an air-cooled condenser, az^ the necessary 
pumps, valves, and piping. The boiler feed pump was assumed to be 
driven directly by the turbine and the net shaft power delivered to 
a propeller. 

Calculations were made to determine the effect of steam-cycle 
operating conditions, ratio of cooling-air static-pressure drop -bo 
ccoipresslble dynamic pressure (Ap/<i), altitude, and flight speed 
on condenser size and internal drag power. Seme additional calcu- 
lations were made to determine -bhe effect of a cooling fan on 
condenser performance. 

Calculations were mad© for two flight conditions to determine 
what percentage of the gross weight of a steam- txarblne-powered air- 
plane would be available for disposable load, that is, for the 
nuclear reactor and cargo. 

The calculations covered a rang© of turbine- outlet pressures 
from 10 to 200 pounds per square inch absolute amd a range of 
Ap/q from 0,10 to 0.60 at turbine- inlet pressures of 1000, 1400, 
and 1800 pounds per square inch absolute for a flight speed of 
500 m11.es per hour and an exltitud© of 30,000 feet. For each com- 
bination of turbine- inlet and turbine -outlet pressure, a turbine- 
inlet -bemperature was selected that would give saturated steam 
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(100-percent quality) at the turtlne outlet, A range of fll^t 
speeds from 100 to 500 miles per hour vas investigated at altitudes 
of sea-level^ 15,000, and 30,000 feet for turblne-lnlet and turbine- 
outlet pressures of 1400 and 100 pounds per square Inch absolute, 
respectively . 

For all calculations except those involving power-plant-velght 
estimates , the steam rate vas adjusted to give 1000 net shaft horse- 
power from the turbine with an adiabatic efficiency of 85 percent. 
The 1000 horsepower was then supplied to a propeller liaving an 
efficiency of 85 percent. 

Condense oej,culatloixe were based on an aircraft fin-and- tube- 
type heat exchanger manufactured by Harrison Radiator Division, 
General Mutors Corporation having a core wei^t, including tube 
headers but excluding inlet and outlet steam tanl3, of 15,4 pounds 
per square foot of core frontal area. Several core conf Iguratione 
for the fin-and- tube-type construction were investigated and the 
exchanger with the core structure, shown schematically in figure 1, 
was found to give the best performance. Heat-dissipation rates 
were determined from charts supplied by the heat- exchanger manu- 
facturer. Cooling-air pressure drops were determined from the 
manufacturer's charts modified to account for the effects of alti- 
tude and hl^er heat loading. 

For a given heat rejection to the cooling air by the condenser 
and cooling-air pressure drop, the required condenser frontal area 
and wei^t and the weight flow of cooling air were determined from 
the modified charts. The Internal drag power of the condenser was 
then calculated from the change in momentum of the cooling air. 

The net thrust power was taJcen as the algebraic difference between 
the propeller thrust power (product of turbine power and propeller 
efficiency) and the Internal drag power of the condenser. Specific 
condenser weight and frontal area were then computed frcci the net 
thrust power and the wel^t and frontal area of the condenser. 

The calculations of disposable load, which were based on 
5000 net shafb horsepower from the turbine, involved the deter- 
mination of the nacelle drag power and an estimation of the total 
power-plant wel^t including propeller, engine moiantings, air 
ducting, and controls. A lift-to-drag ratio of 18 for the air- 
plane without nacelles and a ratio of structural weight to gross 
weight of 0.4 were assumed. One calculation vas made assuming the 
condenser to be so installed in the wings that no condenser external 
drag was involved and another calculation was made for the condenser 
enclosed in a nacelle. 
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Axroy standard air (99^ F at sea level) vas used for all calou- 
latlOQS. Details of the calculations are presented In the appendix. 


BESOLTS ABD DISCUSSION 

Steam- cycle performance. - The effect of turbine- outlet pres- 
sure on cycle efficiency, steam rate, tiurblne- Inlet temperature, 
reactor-heat Input, heat rejected by condenser, and turbine- outlet 
temperature Is shown In figure 2 for a net turbine horsepower of 
1000 emd a turbine efficiency of 85 percent at turbine- Ijalet pres- 
sures of 1000, 1400, and 1800 pounds per square inch absolute. 

Turbine- Inlet temperatures were selected to give saturated steam 
of 100-percent quality at the turbine outlet. 

As the outlet pressure Increases and the Inlet pressure decreases 
the cycle efficiency decreases; the steam rate, the reactor-heat Input 
and the condenser heat rejection Increase. The Increases in reactor- 
heat Input and condenser heat rejection are due to the decrease in 
cycle efficiency and the attendant Increases In steam rats required 
to maiiifcain constant turbine output. 

Effect of turbine- outlet pressure on condenser performance. 

The effect of turbine-outlet jaressure on net thrust power, condenser 
wel^t and fronted area, specific condenser weight (ib/lOOO net 
thrust hp), and specific condenser frontal area (sq ft/lOOO net 
thrust hp) Is shown In figure 3 for turbine- Inlet pressures of 
1000, 1400, and 1800 pounds per square inch absolute, values of 
Ap/q of 0.20, 0.40, and 0.60, and 1000 turbine horsepower. 

As the outlet pressure is increased frcan its mlnlTmim value of 
10 pounds per square Inch, the condenser weight and frontal area 
show an initial decrease followed by an Increase, with the minimum 
values occurring at an outlet pressure of about 40 pounds per square 
inch absolute. The condenser fronted area and weight are directly 
proportional to the heat to be removed by the condenser and 

Inversely proportional to the initial te(mperat^Jre difference AT^ 
between the condensing steam and the entering cooling air. In the 
low outlet-pressure range, AT^ Increases more rapidly than 
hence, there Is an Ini tial decrease in condenser area. Above an 
outlet pressure of about 40 pounds per square Inch absolute, however, 
increases more rapidly than ATj^ and the area must also Increase. 
The required frontal area decreases with Increasing Inlet pressure 
owing to the attendant decrease In heat rejection. (See fig. 2.) 
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» 'v The net thrust power Increases with outlet pressure for most 

to ccmhinations of inlet pressure auai Ap/q.. The exceptions are at a 

Ap/q. of 0.60 at inlet pressures of 1000 and 1400 pounds per sq^uare 
inch absolute where the net thrust power reaches a TnaTimTiiu Talus 
and then decreases as the outlet pressure is further increased frcaa 
its Tninlmum value. (See fig. 3(c).) The changes in net thnist 
power are due to the ccmbined effects of increased steam tempera- 
ture and heat rejection on the cooling-air flow and temperature 
rise and hence on internal drag power (Meredith effect ) . 

Net thrust power increases with increasing turbine- inlet pres- 
sure except at high tTirblne -outlet pressures for a Ap/q of 0.20. 
(See fig. 3(a).) At constant outlet pressure^ and hence constant 
outlet steam temperature, a decrease in inlet pressure increases 
the heat rejection and thus increases the required condenser size 
and total cooling-air flow. For most cases, this result means an 
increase in internal drag power with a consequent decrease in net 
thrust power. At a Ap/q of 0.20 and high outlet pressures, 
however, the condenser has negative internal drag (thi*ust) and the 
increase in cooling-air flow resultii^g frcm the decreased turbine- 
inlet pressure increases this thrust end hence the net power. It 
may be noted that the propeller thrust horsepower is 850 
(0.85 X 1000), and therefore condenser thrust and drag powers are 
the difference between values of net thrust power frcaa the data 

V figures and 850; positive values of the difference indicate thrust 

and negative values indicate drag. 

‘ Specific, condenser weight and specific cxjndenser frontal area 

have a Tnir>i-nnim point at tiarb in©- outlet pressures between apprcaci- 
mately 30 and 100 pounds per square inch absolute for the range of 
inlet pressures and Ap/q Investigated. Minimum specific wei^ts 
and areas occur at the Tinft-r-TTmim inlet pressure. 

Although low turbine -outlet pressures are generally considered 
desirable in steam work as far as efficiency is concerned, in an 
aircraft installation low outlet pressures with the attendant low 
steam temperatures (icaw initial toaiperature differences ATi) 
result in excessive condenser size. The decrease in steam-cycle 
efficiency attending operation at high outlet pressures is partly 
ccmpensated for in aircraft instaJdations by the decreased internal 
drag or, for some cases, by the increased thriust developed by the 
condenser as a result of the greater heat dissipation. Furthermore, 
operation at high outlet pressures would be advantageous flrcm the 
consideration of decreased turbine wei^t. 
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Effect of ooollng-alr preseiare drop on condenBer parf ormance , - 
The variation of net thrust pover, condenser weight and frontal area, 
and specific condenser weight and frontal area with Ap/q is 
shown in figure 4 (a cross-plot of fig, 3) for turbine- inlet pres- 
sures of 1000, 1400, and 1800 pounds per square inch absolute and 
a turbine-outlet pressure of 100 pounds per square inch absolute. 

The condenser weight and frontal area decrease with increasing 
Ap/q inasmuch as the required area is less at the higher pressure 
drops. The net thrust horsepower also decreases with increasing 
Ap/q due to the increase in internal drag power. 

The specific condenser weight and frontal area have minliaum 
values at a Ap/q of about 0,30 at all t\irblne- Inlet pressures for 
the flight speed and altitude shown. The values of Ap/q corre- 
sponding to TniTVtmnni values of specific coiidenser weight and frontal 
area vary scmewhat with flight speed and altitude, as will be seen 
in a subsequent figure. 

Effect of turbine- inlet temperature on condenser perfacmance, - 
The variation of net thrust power, condenser weight and frontal area, 
and specific condenser weight and frontal area with turbine-inlet tempera- 
ture is shown in figure 5. The curves are for a turbine-inlet pres- 
sure of 1400 pounds per sqxiare inch absolute, a turbine-outlet pres- 
sure of 100 pounds per square inch absolute, a Ap/q of 0.30, and a 
turbine horsepower of 1000. A line a-b is drawn through a tempera- 
ture of 866° F, the turbine- inlet tea^rature that will give satu- 
rated steam (100-percent quality) at the turbine outlet for the 
turbine-inlet and turbine- outlet pressures considered. Any tempera- 
ture above 866° F will result in superheated steam at the turbine 
outlet . 

Superheating to turbine- inlet temperatures higher them those 
required to give saturated steam at the turbine outlet results in 
an lillcrease in steam-cycle efficiency and in work available per 
pound of steam with the result that for constant turbine horse- 
power tie steam flow is decreased. Although the heat rejected by 
the condenser per pound of steam Increases, the total heat that 
must be removed by the condenser is decreased. Also, the higher 
turbine-outlet (condenser- inlet) steam teioperature increases the 
initial temperature difference between the steam and tile cooling 
air. The reduced heat rejection and the higher initial temperature 
difference act to decrease the condenser frontal area and weight. 

The foregoing effects are offset to some extent hy the fact that 
the heat-transfer coefficient for cooling superheated steam Is con- 
siderably smaller than for condensing steam with the result that 
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tlie surface area aralj lienee^ frontal area req.ulred for ooollxig the 
steam is proportionately larger, A reduction in specific condenser 
velght and fronteil area of atout 8 percent is obtained ty increasing 
the turbine-inlet temperature from. 866° to 1600° F. 

These results vere obtained assimiing the same exchanger core 
structure to be used for the cooling as for the condensing process. 

A semevhat greater reduction in specific condenser frontal area 
and a slightly greater reduction in specific condenser vei^t vlth 
increasing turbine- inlet tamperature may possibly be obtained by 
using an exchanger specifically designed for the steam-cooling 
process. 

Effect of fli^t speed aiai altitude on condenser performance, - 
The effect of flight speed on net thrust horsepower, specific con- 
denser wel^t, and specific condenser frontal area for various 
condenser veldts and frontal areas at altitudes of sea- level, 

15,000, and 30,000 feet is shown in figure 6, The turbine-inlet 
pressure is 1400 pounds per square inch absolute, the turbine- 
outlet pressure is 100 pounds per square inch absolute, the 
turbine- inlet temperature is 866° F, and the turbine horsepower 
is ’1000. Also shown on these curves are lines of constant dp/q< 

The lines of required pressure drop equal to mw-vT imnn available 
pressure drop marie the limiting flight speeds below which the 
condensers will not dissipate the required amount of heat. 

In general, for constant altitude and condenser weight and 
frontal area, the net thrust power Increases and the specific 
coMenser weight and frontal area decrease with increasing fli^t 
speed. The effect of flight speed decreases as the altitude decreases 
and at sea level the curves for net thrust power and specific weight 
and ftontal area are relatively Insensitive to changes in flight 
speed. The highest net thrust powers are obtained with the largest 
condensers at all altitudes because the required pressure drops 
and, hence, the internal drag power losses are less. The condenser 
wel^t and frontal area for ml-nJman specific weight and frontal 
area increases slightly with increasing altitude; however, the 
13.0- square- foot condenser is approximately the optimum, on the 
basis of specific weight, for the range of altitudes arxi fli^t 
speeds investigated. The curve for the 9. 7-squar e-foot condenser 
was omitted from figure 6(c) (altitude, 30,000 ft) because of the 
extremely high specific condenser weight a;^ specific frontal area. 

Figure 6 shows, as previously mentioned, that the values of 
Ap/q corresponding to minimum values of specific condenser weight 
and frontal area vary with flight speed and altitude. For constant 
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altitude, the value of Ap/q. oorreeporidlng to mlniTman specific con- 
denser velght and frontal ax^a tends to Increase as flight speed Is 
decreased. Cooiparlson of figures 6(a), 6(b), and 6(c) shovs that 
for constant fll^t speed the value of Ap/g. for mlnlmuza specific 
vei^t and area Increases as the altitude Is Increased. 

The variation of net thrust horsepower with fll^t spaed and 
altitude for the condenser weighing 200 pounds and having a frontal 
area of 13.0 square feet is shown as a three-dimensional plot In 
figure 7. The line a-b Indicates the ccmblnatlons of altitude 
and flight speed for which the required pressure drop equals the 
maximum available pressure drop. At sea level, the minimum speed 
Is about 185 miles per hour; the power plant would therefore have 
to be operated partly noncondensing In takre-off until this minimum 
speed Is reached. 

The maxlm;mi point on the surface c-d-e-f Indicates the speed 
and altitude at which maximum net thzoist power and hence, TniniTmm^ 
specific weight and minimum specific frontal area occur, A minimum 
specific weight of 257 pounds and a minimum specific frontal area 
of 16.7 square feet occur at an altitude of about 15,000 feet and 
a flight speed of 500 miles per hour. This frontal area Is large 
compared to that required for a radiator for a conventional liquid- 
cooled aircraft engine (about 1.5 sq ft/lOOO hp). 

Effect of cooling fan on condenser perf (annanoe , - The effect 
of a cooling fan on condenser performance Is shown In figure 8 
where net thrust horsepower, specific condenser weight, and specific 
condenser frontal area are plotted against APf/q (ratio of total 
pressure rise across the fan to compressible dynamic pressttre at 
the assumed altitude and speed) for various condenser weights and 
frontal areas at a flight speed of 500 miles per hour and an alti- 
tude of 30,000 feet. The line APf/q = 0 represents the case 
where no fan Is used. 

For each of the condensers considered, the net thrust power 
has a maximum value and the specific condenser wei^t and area 
have minimum values when APf/q Is between 0.5 and 1.0. The 
Clones Indicate only a small Improvement in performance by the 
addition of a fan except for the 9.7-square-foot condenser. 

Although the Improvement In performance of this condenser Is lar^, 
Its beet performance is considerably poorer than the larger con- 
densers with no fan. 
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The effect of a fan on condenser performance is shown In fig- 
ure 9 for a 19.5-sq[uaro-foot condenser at three altitudes at a 
fli^t speed of 5CX) miles per hour and at an altitude of 30,000 feet 
and a flight speed of 300 miles per hour. Figure 9 shows that the 
improvanents In performance ottalnahle with a cooling fan are even 
smaller at the lower altitudes and only slightly greater at the 
lower fll^t speed. 

The maximum decrease in specific wei^t and specific frontal 
area of the condenser with the most effective size (13.0 sq_ ft) 
that can he obtained hy use of a fan is about 11 percent. 

(See fig. a.) In view of the smaJl gains in condenser performance, 
the additlonkl weight of the fan, and the complezlties of the 
installation, a fan is probably undesirable for this type of 
system. 

Effect of turbine- outlet pressure on over-all efficiency. - 
The variation of over- all efficiency, defined as the dimensionless 
ratio of net thrust power minus nacelle drag power to reactor-heat 
input, is probably of greater Importance than the previously dls- 
oussed variation of specific condenser weight and frontal area. 

If the reactor weight is the principal consideration, then with 
the reactor operating at its mazimum heat-release rate, maximum 
net thrust power per unit wel^t of the system will be obtained 
at maximum over-all efficiency. 

The effect of turbine-outlet pressure on over- all efficiency 
is shown in figure 10 for various turbine- inlet pressures and 
values of Ap/q. The over-all efficiency decreases with increasing 
outlet pressure except at hi^ values of Ap/q, whore it has a 
maximum at outlet pressures between 40 and 80 poux^s por square 
inch absolute. As previously mentioned, the most effective 
operating outlet pressure from considerations of specific con- 
denser weight and frontal area is between approximately 30 and 
100 pounds per square inch absolute, (See fig. 3.) The curves 
of over-all efficiency and specific condenser weight and frontal 
area at values of Ap/q of 0,20 and 0.40 are relatively flat in 
this region of turbine -outlet pressure; hence, it appears that the 
most desirable operating conditions from considerations of optimum 
utilization of the reactor may occur close to the optimum operating 
conditions for the condenser. 

Because of the relative effects of condenser internal and 
external drag, the over-all efficiency (at constant values of 
turbine- inlet and turbine-outlet conditions) passes throti^ a 
mpT-i-tmim at some value of Ap/q, which depends on flight speed 
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and altitude. For tlie fligiit oonditions shown, the maximum values 
of over-all efficiency occur at a value of Ap/q. of about 0.20 for 
all turbine- Inlet and turbine- outlet pressures. 

Power- plant-weight estimates . - Wel^t estimates indicate that 
for a turbine operating at an inlet pressure of 1400 pounds per 
square inch absolute, an outlet pressure of 100 pounds per aqviare 
inch absolute, an inlet temperature of 866° F, and a power output 
of 5000 horsepower the total power-plant weight including propeller 
but excluding reactor and working fluid would be 5460 pounds at a 
flight speed of 500 miles per hour and an altitude of 30,000 feet. 
(See the appendix for a discussion of the weight breakdown.) This 
weight would correspond to specific weights of 1,09 pounds per 
turbine horsepower, 1.59 pounds per net thrust horsepower with the 
condenser submerged in the wings (no external nacelle drag), and 
2,55 pounds per net thrust horsepower with the condenser in a 
nacelle. At a flight speed ot 300 miles per hovir and an altitude 
of 15,000 feet, the power-plant weight would be 5870 pounds 
(owing to a heavier propeller) and the corresponding specific 
weights would be 1.17, 1.74, and 1.97 pounds per horsepower, 
respectively , 

For the condenser enclosed in a nacelle, the ratio of dispos- 
able load to ghoss weight of the’ airplane would be 0.41 for a 
flight speed of 500 miles per hour and an altitude of 30,000 feet. 

If the condenser could be so installed in the wings as to eliminate 
external drag, this value could be raised to 0,48, In other words, 
a weight- carrying capacity equal to 41 to 48 percent of the gross 
weight of the airplane would be available for a nuclear reactor, 
working fluid, and cargo; or conversely, the gross weight of an 
airplane with a nuclear-energy steam-turbine power pleuat would be 

about 2 to 2~ times the weight of the reactor, working fluid, and 
cargo. • 

For the same condenser and operating conditions but at a flight 
speed of 3CX> miles per hour and an altitude of 15,CX50 feet, the 
values of the ratio of disposable load to gross weight for* the oases 
of the condenser in a nacelle and the condenser submerged woiLld be 
0.51 and 0.52, respectively. 


SIJMMARY OF RESULTS 

The results of calculations of the performance of condensers 
for a nuclear-energy steam-turbine power plant for aircraft may be 
summarized as follows: 
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1. Minimum specific condenser -weights and specific frontal 
areas occurred at tur'blne- outlet pressures ‘between approxima'telj’ 

30 and 100 pounds per sq.uare inch a'baolute for inlet pressures 

of 1000, 1400, and 1800 pounds per square inch absolute and cooling- 
air pressure drops of 20 to 60 percent of the compressi'ble dynamic 
pressure. 

2. At a txarhlne- inlet pressure of 1400 pounds per sq.uare inch 
absolute and a turbine -inlet temperature of 866® I*, the minimum 
specific condenser wel^t was 257 pounds per 1000 net thrust horse- 
power and the niiniTrmTTi specific condenser frontal area was 16; 7 sq.uare 
feet per 1000 net thrust horsepower. These values occurred at a 
turbine-outlet pressure of 100 pounds per sq.uare inch absolu-te, a 
flight speed of 500 miles per hour, and an altitude of about 

15.000 feet. 

3. Relatively fgaall improvement in condenser performance can 
be obtained by Increasing the turbine -inlet temperature above that 
req.ulred to give saturated steam at the turbine outlet. 

4. A decrease in specific condenser wel^t and frontal area 
of about 11 percent may be obtained at an altitude of 30,000 feet 
and an airplane velocity of 500 miles per hour by placing a cooling 
fan ahead of the condenser. The greatest gains in performance with 
a fan were obtained at the hipest altitude investigated. In view 
of the additional wel^t of the fan and -bhe Installation complexities 
the Improvements in performance obtained by use of -the fan are 
probably Insignificant. 

5. A wei^t estimate based on a turbine output of 5000 horse- 
power at a fli^t speed of 500 miles per hour and an altitude of 

30.000 feet indlca-ted that the specific wel^ts of the installed 
power plant excluding the reactor would be 1,09 pounds per turbine ‘ 
horsepower, 1,59 pounds per net thrust horsepower -with condenser 
submerged in -the wings (no external condenser drag), and 2.55 pounds 
per net thrust horsepower with condenser enclosed in a nacelle. 
CcLLoulatlons based on "bhis weight estimate Indicate that a wel^t- 
oarrying capacity eq.ual to 41 percent (condenser in nacelle) to 

48 percent (condenser in wing) of the gross weight of a steam-turbine 
powered aircraft would be available for carrying the nuclear reactor 
and cargo. 

Fli^t Propulsion Seaearoh Laboratory, 

National Advisory Octmilttee for Aeronautics, 

Cle-voland, Ohio . 
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APPENDIX - DETArCS OF MEEHOD OF CALCULATION 

Steam- cycle calculations, - Tlie cycle is shown on entheULpy- 
entropy (H - S) coordinates In figure 11. A pump raises the water 
pressure from the turbine-outlet pressure to the turbine- inlet 

pressure Pj^ along line a-b in figure 11. The water la warmed^ 
evaporated, and superheated In the boiler eOLong line b-c to the 
turblne-lnlet temperature (point c). Steam at the cozslltlons 
represented by point c enters the turbine and expands to satura- 
tion at the turbine-outlet pressure (point d) . A condenser removes 
the latent heat of the steam and discharges it as saturated liquid 
at point a. Pressure drops of the worldLng fluid through the boiler 
and the condenser were neglected. The enthalpy (and superheat) at 
point c was determined by trial and error and had a value such 
that 



0.85 


( 1 ) 


where the subscripts refer to points on figure 11. That is, the 
adiabatic efficiency of the ttcrbine was 85 percent. The pumping 
work per pound of steam was taken as (P^ - Pq)v (whore v is 
the specific volume of the satiirated liquid at ) . 

For all calculations, the steam rate was adjusted to give 
1000 shaft horsepower after the deduction of pumping power. The 
required steam rate Vg in pounds per second for 1000 net shaft 
horsepower was therefore obtained from the following relation: 


r '1 W 

[778 (He - Hi) - (Pi - P^,) vj ^ 1000 (2) 

where (Eq - H^) is in Btu per pound, (Pj|^ " ^o) pounds per 

square foot, v is In cubic feet per pound. 

The reactor-heat input (Btu/ sec), the heat rejected to 

the condenser Qq (Btu/seo), and the cycle efficiency were 

obtained by the following relations: 


= W, [(Ho - H.) - (Pi - Po) ^ (3) 

<4o = Ws (% - Ha) (4) 


c 


L 


(^o " ^d^ “ ^^i “ ^o) 778 

(Ho ** - Po> ik 


( 5 ) 
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The properties of the steem for these ceiculatlons were obtained 
from reference 1, 

Condenser oooling-alr pressure drop. - Charts of heat dissipa- 
tion and cooling-air static-pressure drop against cooling-air flow 
for the coirienser were supplied by the heat-exchanger manufacturer. 
The investigations from which the data for these curves were obtained 
were made at sea- level entrance coislltions of coolliig-alr pressure 
and temperature and with an initial taaperature difference AT^ 
between the condensing steam, and cooling air of approximately 100^ E 
The heat* dissipations given by the chaorbs are valid for a3l entrance 
conditions and initial temperature differences. The variation of 
heat dissipation in Btu per minute per 100° F of initial temperature 
difference with cooling-air flow in pounds per minute is shown in 
figure 12 for a condenser having a frontal area of 1 square foot. 

The pressure drop required for a given flow of cooling air, however, 
may vary considerably with altitude, flight speed, and initial 
temperature difference making it necessary to modify the experi- 
mental curve in order to account for the effect of these variables. 

The experimental curves were modified by calculating values 
of the cooling-air static-pressure drop across the condenser aAp 
(product of the ratio <7 of cooling-air entrance density to NA.CA 
standard sea-level density and the static-pressure drop Ap) for 
various €G.titudes and heat loadings. The quantity aAp wan taken 
as the sum of: (l) entrance loss; (2) velocity-profile lose; 

(3) vena- contr acta loss; (4) friction loss; (s) heat-exchange or 
momentum loss; and (6) exit loss. Density changes at the entrance 
and exit sections were assumed to be negligible and an average 
density was used to calculate the friction loss. With the assump- 
tion that the air-flow passages between the elongated tubes and 
fins were rectangular channels (fig. 1). having an effective diameter 
equal to fovir times the cross-sectional area divided by the perimeter 
the variation of friction factor with Reynolds number was calcxilated 
- using the cooling-air pressure drops and corresponding air flows 
from the manuf acturer * e experimental sea- level curves. These fric- 
tion factors together with velocity and density changes of the 
cooling air in the condenser resulting from variation in altitude 
and heat loading were then used to calculate the corresponding 
pressure drops. The calculations were limited to turbulent flow 
(approximate range of Reynolds number, 2000 to 20,000) and to Mach 
numbers in the condenser of less than 0.5, 
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The variation of aAp witli coollng-alr flow is shown in fig- 
ure 13. Curve A is the manufacturer's experimental curve for sea- 
level entrance conditions and an initial temperatuz*e difference of 
100° F, Curves B, C, D, and E are representative calculated 
curves for an altitude of 30,000 feet, a fll^t speed of 500 miles 
per hour, and initial temperature differences of 100°, 200°, 300°, 
and 400° F, respectively. 

Condenser weight, frontal area, and internal drag. - A scheonatic 
diagram of the condenser enclosed In a nacelle is shown in figure 14(a). 
Army standard air was assumed at station 0 ahead of the nacelle. The 
total temperature at the face of the conienser, station 1, was cal- 
culated from the expression 


whore 


" *0 + sps: 


( 6 ) 


total temperature at condenser face, 
t^ amhient-air temperature, °R 
Vq flight apeed, ft/sec 

g acceleration due to gravity, 32.2 ft/sec^ 

J mechanical eq^uivalent of heat, 778 ft-lh/Btu 
Cp specific heat of air at constant pressure, Btu/(lb)(°F) 

The static pressure at the face of the conlenser was talcen as 


rr- 


Pl - Po 



+ 1 > 


where 


Pi 

Po 


static pressure at condenser face, in. Hg absolute 
ambient-air pressure, in. Bg absolute 
velocity at condenser face, ft/ sec 


( 7 ) 
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7 ratio of specific iieats of air 

€j. diffuser prese\ire-rlse recovery factor, (assumed to "be 0,90) 

Tlie Initial temperature difference ATj^ between the steam and 
the cooling air was taken as Tg - where Tg Is the tempera- 

ture of the steam In the condenser. 

The relation between condenser frontal area, heat dissipation 
rate, initial temperature difference, and heat removed from the 
steeim by the coiKienser is given by the following expression; 


60 X 100 
A * ^ 

Sr 4^1 


( 8 ) 


whore 

A condenser frontal area, sq. ft 

heat removed from steam by condenser, Btu/sec 

^ heat-dissipation rate, (Btu)/(min)(l00° F ATj^)(sq. ft frontal 
area) 

The q^uantlty is a function of the cooling-air flow (fig. 12), 

which is a function of the pressiire drop (fig. 13); hence, for given 
values of (4^, AT^, and static-pressure drop aAp, a value of Hj, 
and therefore a co^enser fronteil area may be determined. Also, if 
the condenser frontal area A is known and ^ and ATj^ are given, 
a value of can be calculated from eq.uation (8) and the req.uired 

cooling-air flow and pressure drop determined from figures 12 and 13. 
Inasmuch as the eilr flow given in figures 12 and 13 is for a l-sq,xiare- 
foot section, the air flow as obtained from these figures must be 
multiplied by the total frontal area in order to obtain a total 
weight flow of cooling air. 

The t^perature rise of the cooling air in passing through the 
condenser AT^, and the total temperature Tg at the condenser exit 
(station 2, fig. 14(a)) are given by 


Tg - ^ (a) 

where W is the cooling-air flow in pounds per second. The cor- 
responding static temperature tg is given by 
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^ =^2 - 


2«JCp 


( 10 ) 


vhere V 2 , the velocity of the cooling air at station 2, Is obtained 
from the ooutlnuity eq,iiatlon. Thus 


WR t_ 
^ P« A 


( 11 ) 


vhere 

B gas constant for air, ft-lb/(lb)(?F) 

Pg condenser-outlet static pressure, Ib/sq. ft absolute 

!nie pressure P 2 vas talcen as the static pressure at station 1 
minus the cooling-air static-pressure drop. The assumption is made 
in equation (U) that the cross-sectional area at station 2 is the 
same as the condenser frontal area. Eg.uations (lO) and (U) can be 
combined to give a quadratic equation for tg in terms of knovn 
quantities Tg, W, and a. The velocity at the exit (station 3) 
is then 


1 

r 


2gJCp tg 

i-ffoV 

\Pa/ 



( 12 ) 


where C is an over-auLl velocity coefficient having an assumed 
value of 0.96 and the pressures are In Inches of mercury absolute. 


In the present study, negligible error was Introduced by substi- 
tuting Tg for tg in equatlorus (11) and (12) in order to simplify 
the compuitotions. 

The Internal drag horsepower hp^ is 


liPd 


^0 (Vq “ ^3) 

550 g 


(13) 


The effect of a change in iirfaemal drag power is represented 
through its effect on the net thrust horsepower hpjj, which is 
defined as 


= "Ip - liPa 


(14) 
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t 


V 


where 


hp^ turhine-ehaft power (constant at 1000 hp) 

Tip propeller efficiency (constant at 0.85) 

Effect of tnrhine^inlet tanperatiare. - In these calculations 
tur 131116- inlet teincperatures ahove those req^uired to give saturated 
steam, at the turbine outlet were investigated. The cycle is repre- 
sented in figure 11 by the path a-h-e-f-a. For this case the con- 
denser must cool steam from point f to point d in addition to 
the condensing process fircoi point d to point a. Inasmuch as the 
over-all heat-transfer coefficient for cooling superheated steam is 
considerably lower than for condensing steam, the heat-dissipation 
curve (fig. 12) could not be used to determine the total req^uired 
frontal area. The size of the heat exchanger req^ulred to condense 
the steam was determined by the method previously outlined and an 
over-all heat-transfer coefficient based on the effective-air-slde 
surface area wau3 calculated and used to determine the additional 
area req.uired to cool the steam from point f to point d (fig. ll). 


Calculation of the over-all heat-transfer coefficient IT 2 for 
cooling superheated steam Involved several steps. The over-all 
heat-transfer coefficient for condensing steam TIi was first deter- 
mined from figure 12. The film coefficient on the steam side hg 
was then calculated from equation (19), reference 2 (p. 269), for 
film-type condensation on vertical surfaces. When the resistance 
of the tube wall to heat flow is assumed to be negligible, the air- 
side film coefficient h_ may then be calculated from iiie relation 

ct 


^1 ^^s,l ^a 


(15) 


where r is the ratio of steam-side surface area to effectlve-alr- 
side surface area. A steam-side film coefficient for cooling steam 
hs 2 "was then determined by the method given in reference 3 and was 
used in conjunction with ha_ from eq.uation (15) in order to calculate 
the over-all heat-treinsfer coefficient for cooling steam ITg: 


s — ^ 

^2 >>a 


(16) 


The remainder of the calculation for InternELl drag power and 
net thrust power was the same as that outlined for the straight 
condensing case. 



18 


HACA EM No. E7J01 



Condenaer euad. cooling fan. - For these calculations, the fan 
vas assumed to he mounted at the face of the condenser, as shown 
In figure 14(h). The total-temperature rise across the fan ATf* 
was calculated from the expression 


r z=i 1 



total hemperature immediately ahead of fan, °R (calculated 
ftrcm eguatlon (6)) 

adiabatic fan efficiency (assumed to he 0.85) 
total pressure immediately ahead of fan, in. Hg absolute 
toteJ. pressure at condenser face, in.Sg absolute 

Calculations were made for a range of values of APf/q, (ratio 
of fan total -pressure rise to free- stream ccmpresslblo dynamic 
pressure) . The horsepower required to drive the fan hpf was 
calculated from the expression 


where 

^1 

’If 

1^1 


hpf 


WJc. 


550 


AT. 


(18) 


The Internal drag power was calculated from equation (13). 

The turbine and fan were assumed to be on the same shaft and 
the turbine power in excess of that required to drive the fan was 
assumed to be transmitted to the propeller. The expression for 
net thrust horsepower then beccmes 


tPn = lip (liPt - tpf ) - hp^ 


(19) 


Power-plant wei^t estimate. - Preliminary design calculations 
were made for a steam turbine delivering 5000 shaft horsepower at an 
inlet pressure of 1400 pounds per square inch absolute, an inlet 
temperature of 866° F, and an outlet pressure of 100 pounds per 
square inch absolute. Fran the pitch dlsmeters and the number of 
rotor disks, an estimate was made of rotor and stator weights 
by assuming that these weights varied as the square of the diameter 
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and using tli© veight and pitcdi diameter of a. current aJLrcraft rotor 
and stator as a stardard. Based on stress considerations, the total 
turbine weight was then increased to allow for the heavy casing 
required at the hi^ operating pressure, 

A condenser with a frontal area of 13 sq.uare feet and a weight 
of 200 pounds, the performance of which is shown in figxrre 6, wae 
\ised for this weight estimate. Inasmuch as all previous calcula- 
tions, Including those made for figure 6, were based on 1000 horse- 
power fraa the steam turbine, it was necessary to multiply this 
weight of 200 pounds by 5 to obtain the proper value for a power 
output of 5000 turbine horsepower. 

A boiler feed-pump wei^t of 200 pounds was considered to be 
sufficiently hl^. Inasmuch an aircraft-type fuel pumps of the 
req.uirad capacity operating at pressmres up to 500 to 600 pounds 
per sq^uare Inch and weiring about 50 pounds are now available. 

The weight of gearing between the turbine and the propeller 
was assumed to be 0.2 pound per shaft horsepower, a value con- 
sistent with reduction-gear weights of present turbine-propeller 
engines. 

The propeller weight is a scaled value based on the assumption 
that the wei^t varies with shaft power, altltvide, and flight speed 
and using the wel^t and power absorption of a typical aircraft 
propeller as a base. 

A breakdown of the engine weight in pounds (exclusive of 

reactor and working fluid) is as follows: 


Turbine 1000 

Condenser core 1000 

Propeller (500 mph, 30,000 ft) .... ....... 1360 

Boiler feed pump 200 

Piping, valves, fittings, etc 400 

Beducting gearing 1000 

Air ducting 200 

Engine mountings 200 

Controls 100 

Total weight 5460 


The gross weight Wg of the airplane in pounds was calculated 
frcan the expression 
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vhere 

L/D llft-drae ratio of airplane vitliout nacellea (assumed to "be 18) 
Jap^c ©xtemeil dra^ power of nacelle, hp 
Vq flight speed, ft/sec 

The external drag power of the nacelle was calculated as follows: 


whore 




1100 g 


Po "^0^ 


■^Saac 


( 21 ) 


Cjj nacelle drag coefficient (assumed to he 0.0657 at 500 mph and 
30,000 ft) 

Pq density of ambient air, Ih/cu ft 

A pft f. nacelle frontal area, sq ft (assumed to he 1,05 X condenser 
frontal area) 

The disposahle load avallahle for nuclear reactor, working 

fluid, and cargo was then 


d g 


W, 


St 


- W, 


( 22 ) 


where 

^st structure weight, Ih (aseuned to he 40 percent of gross weight) 

Wq power-plant weight, Ih 

The following sample calculations of the quamtity and 

specific power-plant weights are given for a flight speed of 500 miles 
per hour and an altitude of 30,000 feet: The condenser frontal area 

is 13 X 5 (65) square feet and the corresponding itet thrust power 
(i^P hp^ - hp^) from figure 6(c) is 688 x 5 (3440) horsepower for 
5000 turhlne horsepower. 
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CO 

CO 


■^nac 


1.05 X 65 = 68,25 sq_ ft 


= g^ - ?g 2- . 2 ^ - 1300 hp 

hpj^ - = 3440 - 1300 = 2140 hp 


= 18 X 2140 X ^ = 28,900 It 
S 733 * 


a 0.4 X 20,900 « 
* 28,900 - 11,560 

% _ 11,880 _ f. .. 

¥g " 28,900 “ 


11,560 lb 
- 5460 = 11,880 lb 


For tbe case vitb. the condenser subEnerged in the ving (^P-nac - 
¥^/Wg is found to be 0.48, 

Specific •weights of the power plant on ■bhe bases of (a) turbine 
power, (b) net thrust po'wer, and (o) net thrust power minus nacelle 
drag power are: 


(a) 

(t) 


pounds per turbine horsepower = • 
po\inds per net -bhrust horsepower 


5460 


5000 
5460 
“ 3440 


= 1.09 


= 1.59 


(c) pounds per net ‘thrust horsepower minus nacelle drag 

horsepower c = 2.55 

2140 


At a fli^t speed of 300 miles per hour and an altitude of 
15,000 feet, the propeller weight is 1770 pounds and the corresponiing 
power-plant weight is 5870 pounds. The values of for these 

flight conditions are 0,51 wi'th the condenser in a nacelle and 0.52 
with the condenser submerged in the wing. 

The specific waists at 300 miles per hour end 15,000 feet based 
on turbine power, net thrust power, and net thrust power minus nacelle 
drag power are 1.17, 1.74, and 1.97 pounds per horsepower, respectively. 
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Steam flow 



Otmensions of a 1— square— foot section 


Length < steam-flow di rect ton 1. in. 

Width (no— flow direction], in. 

■Depth ( cool I ng— af r— f I ow di rectton ) , in. 

Fins per In. 

Outside tube dimensions, in. 

Tube rows ( cool tng-ai r-f low direction! 

Distance between tube center tines (no- flow direction]. 


in. 


12 
12 
8.75 
I I 

1. Zt5 X 0.084 
6 

0.406 


Fi gu re 


Schematic diagram of condenser-core structure. 



Figure 2. - Variation of cycle efficiency, steam rate, turbine-inlet temperature, reactor-heat 
input, heat rejected by condenser, and turbine-outlet ternperature with turbine-outlet pressure 
for three turblne-ln let pressures. Turbine power, lOOO horsepovmr; turbine efficiency, 0.B5; 
saturated steam at turbine outlet. 
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Figure 3. - Variation of net thrust horsepower, condenser weight and 
frontal area, zmd specific condenser weight and frontal area with 
turbine-outlet pressure for three turbine-inlet pressures. Flight 
speed, 500 miles per hour; altitude, 30,000 feet; turbine power, 

1000 horsepower; turbine and propeller efficiencies, 0.85; saturated 
steam at turbine outlet. 
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Figure 3. - Continued. Variation of net thrust horsepower, condenser 
weight and frontal area, and specific condenser weight and frontal 
area with turbine-outlet pressure for three turbine-inlet pressures. 
Flight speed, 600 miles per hour; altitude, 30,000 feet; turbine 
power, 1000 horsepower; turbine and propeller efficiencies, 0.85; 
saturated steam at turbine outlet. 
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‘ Figure 3. - Concluded. Variation of net thrust horsepower, condenser 
weight and frontal area, and specific condenser weight and frontal 
area with turbine-outlet pressure for three turbine-inlet pressures. 
Flight speed, 500 miles per hour; altitude, 30,000 feet; turbine 
power, 1000 horsepower; turbine and propeller efficiencies, 0,85; 
saturated steam at turbine outlet. 
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Figure 4. - Variation of net thrust horsepower, condenser weight and 
frontal area, and specific condenser weight and frontal area with 
ilp/q for three turbine-inlet pressures. Turbine-outlet pressure, 
too pounds per square Inch absolute; flight speed, 500 miles per hour; 
altitude, 30,000 feet; turbine power, lOOO horsepower; turbine and 
propeller eff iciehcles, 0.85; saturated steam at turbine outlet. 
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Figure 6. — Variation of net thrust horsepower and specific condenser 
weight suid frontal area with flight speed for various condenser weights 
and frontal areas. Turbine-inlet pressure, 1400 pounds per square Inch 
absolute; turbine-outlet pressure, 100 pounds per square inch absolute; 
turbine— In I et temperature, 866^ F; turbine power, 1000 horsepower; 
turbine and propeller efficiencies, 0.85. 
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Figure 6. — Continued. Variation of net thrust horsepower and specific 
condenser weight and frontal area with flight speed for various con- 
denser weights and frontal areas. Tu rb I ne— i n I et pressure, 1400 pounds 
per square Inch absolute; turbine-outlet pressure, 100 pounds per 
square Inch absolute; turbine-inlet temperature 866® F; turbine power, 
1000 horsepower; turbine and propeller efficiencies, 0.85. 
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Ftgure 6. - Concluded. Variation of net thrust horsepower and specific 
condenser weight and frontal area with flight speed for various con- 
denser weights and frontal areas. Turbine-inlet pressure, 1400 pounds 
per square inch absolute; turbine-outlet pressure, 100 pounds per 
square Inch absolute; tu rb i ne- 1 n I et temperature, 866 ° F; turbine 
power, 1000 horsepower; turbine and propel ter efficiencies, 0.85. 
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Figure 8. — Variation of net thrust horsepower and specific condenser 
weight and frontai area with AP^/q for three condenser weights and 
frontal areas. Turbine-inlet pressure, 1400 pounds per square inch 
absolute; turbine-outlet pressure, 100 pounds per square inch abso- 
lute; turbine-inlet temperature, 866° F; flight speed, 500 miles per 
hour; altitude, 30,000 feet; turbine power, 1000 horsepower; turbine 
propeller, emd fan efficiencies, 0.85. 
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Figure 9. — Variation of net thrust horsepower and specific condenser 
weight and frontal area with APf/q at various flight speeds and 
altitudes. Condenser weight, 300 pounds; condenser frontal area, 

19.5 square feet; turbine— in I et pressure, 1400 pounds per square inch 
absolute; turbine-outlet pressure, 100 pounds per square Inch abso- 
lute; turbine— ini et temperature, 866° F; turbine power, iOOO horse- 
power; turbine, propeller and fan efficiencies, 0.85. 
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Saturation line 
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- Variation of heat dissipation with cooling-air flow for a 
condenser having a frontal area of I square foot. 




Coollng-alr static-pressure drop, cAp, In, water 
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Cooling-air flow, Ib/min 


Figure 13, - Variation of cooling-air pressure 
flow for a condenser having a frontal area 


drop with cooling-air 
of I square foot. 
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Figure I4-. - Schematic diagrams of condenser Installation in nacelle. 
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